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Molecular motors: The natural economy of kinesin
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Kinesin is a molecular-scale walking machine. New
analyses of its mechanism indicate that each step along
a microtubule consumes one ATP molecule, and that
the binding and cleavage of ATP precede detachment of
the molecule’s ‘feet’. Directional walking ensues if ATP
processing occurs preferentially on one foot.
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The best current studies of molecular motor mechanisms
aim to build up a nuts-and-bolts level of understanding of
how the motor molecule works. The questions being
asked are no different from those an engineer would ask of
any engine: what are the parts for and how do they
connect, articulate and react on one another to produce
function? Which bit does what? In essence, molecular
motors are mechanical amplifiers — systems of intercon-
nected levers. ATP turnover is associated with modest
motions of the catalytic residues in the active site [1], and
the motor molecule takes these and levers them up into a
sequence of larger-scale conformational motions [2].
These conformational changes, in turn, provoke stepping
of the motor along its track, by triggering rapid binding
and release of the track, and (probably) by producing a
kind of cantilever action whilst the motor is attached to
the track [3], causing relative sliding of track and motor.
Viewing the motor as a mechanical amplifier in this way
helps to focus the problem of the mechanochemical cou-
pling, the relationship between active-site chemistry and
the mechanical action of the motor. How do the various
steps of the kinetic mechanism serve to drive the mechan-
ical action of the motor? How is directional motion sus-
tained? Recent biophysical analyses of kinesin have
revealed the subtleties of the relationship between ATP
turnover at the active site and the stepping action of the
motor molecule along microtubules, if not (as yet) a com-
pletely clear picture of the structural dynamics.
Understanding mechanochemical coupling has been a
major challenge in the field of molecular motors for some
time. At stake is the efficiency of energy conversion, widely
advertised to be much better for a molecular motor than for
a macroscopic motor. Each molecule of ATP fuel that the
motor burns contains a fixed-size packet of energy, amount-
ing to about 20kT (where k is Boltzmann’s constant and T is
the temperature). This is enough, supposing the motor
were 100% efficient, that the turnover of one ATP mole-
cule could power about 80 pN nm of work. By gripping a
single kinesin molecular motor in a focussed laser beam —
a gradient force optical trap — and tracking the motor’s
movement at nanometer resolution, it has been possible to
show that progress occurs in discrete steps of 8 nm. This,
the minimum step the motor can take, corresponds to the
distance between consecutive motor-binding sites on the
microtubule surface. By allowing the motor to step against
the force gradient of the trap, the stall force of the motor
can be titrated, and it turns out to be about 6–8 pN. Suppos-
ing this final struggling step requires one ATP molecule,
that would make the motor about 60–80% efficient, which
is an extraordinary figure compared to, say, a car, which pro-
duces a lot more heat than work. But what happens at lower
forces? Is kinesin obliged to burn one ATP per step? Or
does some kind of ‘economiser’ mechanism exist? If not,
then when moving unloaded and so generating less force,
the motor will be very inefficient.
To measure the coupling efficiency — the number of
ATP molecules consumed per step at various loads —
turns out to be rather demanding. It is technically difficult
to measure the ATPase cycle rate and the  mechanical
step rate for the same molecule at the same time: the
experiment necessitates a microscope capable of recording
the 8 nm steps of a single kinesin molecule and, simulta-
neously, reliably and repeatedly detecting the fluores-
cence from a single molecule of an ATP analogue as it
binds to the motor and triggers the mechanical event.
Attempts to do this are under way, but have not yet born
fruit. Meanwhile two interesting new letters to Nature
[4,5] sidestep this technical hurdle, successfully address-
ing the question of whether one ATP is burned per step,
without directly measuring the ATP turnover rate.
These papers, from the Block [5] and Gelles [4] laborato-
ries, both describe high-resolution tracking of bead-
attached single kinesin molecules at low ATP
concentrations. The kinesin–bead complexes rattle about
under thermal vibration, but by taking large numbers of
measurements their centroids can be tracked to sub-
nanometer precision. If the ATP concentration is set low
enough, the motor dithers on the spot for long periods
before taking a step. As the ATP concentration is further
reduced, the motor dithers for a proportionately longer
time before taking a step; presumably, it is waiting for
ATP molecules to come along. Both papers use a ‘what-if’
type of analysis, positing various relationships between
ATP binding and stepping, simulating the motor’s behav-
iour given a particular relationship, and comparing the
predictions to the real data. The conclusion in both cases
is that the chance that the motor is waiting for anything
other than a single ATP molecule is vanishingly small.
Importantly, this conclusion applies to conditions of low
load; it is very likely that if a tight 1:1 coupling applies at
low load, then things can only get worse (more than one
ATP per step) as some loss of traction starts to occur at
high load. The interesting implication is that kinesin is
most efficient at high load, and becomes progressively
less so as the load decreases. Using the well-worn car
analogy, the data suggest that, at least in regard to molec-
ular motors, nature failed to invent the gearbox.
In a somewhat related study, Higuchi and coworkers [6]
gripped a rigor (ATP-depleted and microtubule-attached)
kinesin–bead complex in an optical trap, tugged back-
wards on the bead with about half-maximal force (∼ 4 pN),
and then abruptly released ATP into the medium by the
ultraviolet photolysis of caged ATP. The mechanical
response of the motor to the sudden availability of ATP in
the medium had two phases: a lag, followed by a tension
increase as the motor stepped forward. The length of the
lag suggested that the kinesin had to bind and hydrolyse
ATP before it could develop force. There are some uncer-
tainties about what the mechanical starting state was for
this experiment (two feet attached or one?), but this is
nonetheless extremely suggestive, ground-breaking work
in that it successfully probed the tension response to a
transient chemical event at the single molecule level.
In related chemical kinetic work, Ma and Taylor [7] and
Hackney and coworkers [8,9] have compared the kinetics
of engineered single kinesin feet with those of normal,
double-footed molecules, thereby revealing the influence
of bipedality on the ATPase mechanism. Of particular
interest for the present discussion is the finding by Ma
and Taylor [7], in elegant transient experiments, of two
different sorts of ADP-containing microtubule-bound
complexes of the kinesin foot. Clear kinetic evidence was
presented that the kinesin retains its ADP whilst initially
interacting with microtubules, and subsequently shifts
into a different conformation that releases ADP very fast.
As the authors point out, this is consistent with the pro-
posal [2,10] that a switch from a weakly microtubule-
binding mode to a strong binding mode is necessary for
ADP release.
Putting these data together, we can begin to assemble a
picture of the kinesin walking mechanism. Walking con-
sumes one ATP molecule per step, and directional walking
(the repeated selective detachment and retraction of the
trailing foot) appears to be coupled to ADP production
within the trailing foot. It is still not completely clear
whether product phosphate release precedes or follows the
detachment of the foot from the microtubule, but the
balance of the evidence suggests that phosphate release is
usually faster than detachment. My own laboratory has
been championing for some time the idea that trapping of
ADP generated by ATP hydrolysis [8] is the key process
for detachment, and ADP release the key process for force
generation [2,10]. Figure 1 illustrates a possible scheme in
which the state that has trapped ADP (weak binding) alter-
nates with the state that has exchangeable nucleotide
(strong binding). According to this model, the walking
action results if ATP processing by the back foot requires
receipt of the directional tension signal that follows ADP
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Figure 1
A walking scheme. The kinesin molecule consists of two identical feet
displayed on the end of a stalk. To walk, the molecule must detect
which foot is trailing, and selectively and repeatedly detach and recover
it. The feet alternate between states of weak and strong binding to
microtubules. The ADP adduct of the motor has the nucleotide trapped
and binds weakly to microtubules. In the scheme shown, the conversion
of the back foot into this detachable trapped-nucleotide state requires
receipt of a tension signal generated by microtubule-activated ADP
release from the front foot. Once detached, the trailing foot flies forward
passively and begins a diffusional scan for its next binding site. 
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release from the attached front foot. Ma and Taylor [7]
have proposed a different scheme, in which ADP release
from the front foot requires the binding of ATP to the back
foot. With the present pace of discovery we can hope that
these outstanding issues will be resolved very soon. 
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